Several kinds of ceramics such as Bioglass (R), glass-ceramic A-W and sintered hydroxyapatite exhibit specific biological affinity, i.e. direct bonding to surrounding bone, when implanted in bony defects. These bone-bonding ceramics are called bioactive ceramics and utilized as important bone substitutes. However, there is limitation on clinical applications, because of their inappropriate mechanical properties such as high Young's modulus and low fracture toughness. Novel materials exhibiting high machinability and flexibility as well as high bioactivity have been desired in medical fields. It is known that bioactive ceramics bond to bone through bone-like apatite layer which is formed on their surfaces by chemical reaction with body fluid. This apatite formation can be well reproduced even in an acellular simulated body fluid (SBF) with inorganic ion concentrations nearly equal to those of human blood plasma. Previous researches have revealed that nucleation of the apatite is triggered by a catalytic effect of silanol (Si-OH) group formed on their surfaces and accelerated by the release of calcium ion (Ca2+) from the ceramics into the surrounding solution. These findings bring us an idea that bioactive organic-inorganic hybrids with high flexibility and machinability can be designed by chemical modification of Si-OH group and Ca2+ with organic polymers. In the present paper, we review several researches to obtain bioactive organic-inorganic hybrids by such an organic modification of Si-OH and Ca2+.
INTRODUCTION
Functions of body tissues and organs are sometimes lost due to diseases, accidents and aging. When the amount of the damaged tissue is relatively small, the tissue and functions can be spontaneously repaired by self-reconstructing ability of the tissues through normal nutritious supply and recuperation. Reconstruction are assisted by such as medicine, radial rays, thermal treatment.
However, when the damaged tissue is too large to conduct self-reconstruction, the lost tissue and function may lead further disadvantage on the related tissues. In such a case, the damaged tissues are reconstructed with alternative materials. The most popular technique is autograft, that is transferred from the other part of the body of the same patient. Autograft has a problem on limitation of the available amounts of tissue, because the tissue is extracted from the patient himself Another candidate is allograft, that is transferred from the other persons. Allograft has problems on overcome of the foreign body reaction when it is implanted into the recipient. Moreover lack of donors is significant.
We therefore expect that artificial materials could be used to substitute or to support function of organs. The materials designed for such purpose are called biomaterials. Biomaterials are defined as "material intended to interface with biological systems to evaluate, treat, augment or replace any tissue, organ or function of the body"1,2. Several artificial materials including ceramics and metals have been used for repairing bony defects. However the problem is that those implanted in bony defects are encapsulated by fibrous tissues to be isolated from the surrounding bone. This is a normal reaction for protecting our living body from foreign substances.
BONE-BONDING CERAMICS
In the early 1970s, Hench nm5. Glass-ceramic A-W shows bending strength of approximately 200 MPa in air, that is larger than human cortical bone. When rectangular specimen of glass-ceramic A-W was implanted in tibia of rabbits, the specimen bonds to the living bone within 4 weeks so tightly that fracture occurred within not glass-ceramics but bony tissues after applied a load perpendicular to the interface 6. Glass-ceramic A-W has so excellent bioactivity and mechanical property that it was clinically used as artificial iliac crest, vertebrae, bone fillers from 1991 to 2000 7,8 . It was used on clinical applications of more than 45,000 cases until 2000. Hydroxyapatite (Ca10(PO4)6(OH)2) is known as main inorganic component of natural bone, which comprises 70 mass% of bone matrix. Synthetic hydroxyapatite prepared by sintering process also exhibits bioactivity. It is commercialized in the late 1980s as bone substitutes. Dense body, porous body and granules have been clinically used.
MECHANISM OF BONE-BONDING
Bioglass (R) and glass-ceramic A-W shows higher bioactivity than sintered hydroxyapatite. According to previous reports, bioactive ceramics bonds to living bone through an apatite layer formed at the interface 9,10. The bone-bonding ability therefore depends on the rate of apatite formation when the materials are exposed to body environment.
Apatite formation on bioactive ceramics can be also observed using an simulated body fluid (SBF; Na+ 142.0, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, Cl-147.8, HCO3-4.2, HPO42-1.0 and SO42-0.5 mol/m3) that has almost similar concentration of inorganic ions to human blood plasma, as shown in Fig. 1 5,11 ,12. The apatite formation on bioactive glasses and glass-ceramics is caused by chemical reaction between their surface and surrounding fluid, because SBF does not contain any cells. Results of thin-film X-ray diffraction and Fourier-transformed infrared (FT-IR) spectroscopy on surface structures of glass-ceramic A-W soaked in SBF indicated that the surface of the glass-ceramic was covered with a layer of carbonate-containing hydroxyapatite with low crystallinity 13. These compositional and structural characteristics are similar to those of the apatite in the bone. Therefore, it can be expected that fibroblastic cells could not proliferate on the apatite layer, to result in direct contact of bone with the surface of materials, without intervention by the fibrous tissue. When this phenomenon occurs, tight chemical bond might be formed between the surface apatite and the bone apatite in order to decrease the interface energy between them. This mechanism is schematically illustrated in Fig. 2 .
Although SBF can well reproduce chemical reaction of materials with body fluid in vitro, there is still a gap in composition between SBF and human extracellular fluid. Namely, SBF contains larger amount of Cl-ion and smaller amount of CO32-ion, consequently leading to the difference in composition of the formed apatite layer in SBF. Novel simulated body fluid with inorganic ion concentrations exactly equal to those of human extracellular fluid has been proposed by revising protocol of preparation 14.
We can see that bioactive materials can be designed by providing a material with apatite-forming ability. The ability of apatite formation is dependent on the composition and structures of the materials. For instance, rate of the apatite formation increases in the order sintered hydroxyapatite < glass-ceramic A-W < Bioglass (R). Sintered hydroxyapatite has an almost stoichiometric composition (Ca10(PO4)6(OH)2), while hydroxyapatite in natural bone has a compositions with apartialsubstitution of CO32-and HPO42-ions for Design of bone-bonding organic-Inorganic hybrids PO43-ion, Mg2+ and Na+ ions for Ca2+ ion, and ion for Off ion. The Ca/P atomic ratio is somewhat smaller than that of stoicihiometric composition (1.67). Sintered hydroxyapatite also forms bone-like apatite phase when it is exposed to body environment, through an ion-exchange reaction with surrounding body fluid. However the reaction rate is small. In contrast, glass-ceramic A-W contains CaO, SiO2-based glassy phase, as well as crystalline oxyfluorapatite and This glassy phase would contribute to rapid apatite deposition. There has been argumentation what composition can act as basic components of bioactive ceramics. Ohtsuki et al. fundamentally investigated compositional dependence of apatite formation on the surfaces of glasses in the system CaO-SiO2-P2O5 after soaking in SBF. It is noted that surface apatite formation is restricted to the compositional regions of CaO,SiO2-based system, but not CaO,P2O5 15. Both the calcium ion released from CaO,SiO2-based glasses and the phosphate ion released from CaO,P2O5-based glasses increased almost equally the degree of the supersaturation of the surrounding fluid with respect to the apatite 16. In spite of that, the former glasses form the surface apatite layer, but not the latter. This indicates that the surfaces of the CaO,SiO2-based glasses exclusively provide favorable sites for apatite nucleation. The CaO,SiO2-based glasses form a silica hydrogel layer prior to forming the apatite layer and dissolve an appreciable amount of the silicate ion. This means that highly hydrated silica, implying silanol (Si-OH) groups, are abundant on the surfaces of the glasses. It is speculated that the silanol groups effectively induce heterogeneous nucleation of the apatite. This is confirmed by the observation that a pure silica gel, prepared by a sol-gel method, forms bone-like apatite on it when soaked in SBF at pH 7.40 17. This suggests that a certain kind of silanol groups is responsible for the apatite deposition on bioactive materials. The released Ca2+ ion would increase the degree of the supersaturation of the surrounding fluid with respect to the apatite, which is already supersaturated even before the exposure of the glass-ceramics in body fluid. Once apatite nuclei are formed on the surface of the materials, they can grow spontaneously by consuming calcium and phosphate ions in surrounding body fluid.
Initial stage of the apatite formation on CaO,SiO2-based bioactive glasses and sintered hydroxyapatite has been precisely investigated by using techniques such as transmittance electron microscope (TEM) observation, energy-dispersive X-ray (EDX) spectroscopy, and zeta potential measurement 18,19. The results on the above research have revealed that the apatite formation progresses through the following processes. First, Ca2+ ion in SBF is selectively adsorbed onto negatively charged surfaces. Then phosphate ion is adsorbed on the Ca-rich surfaces to form a kind of amorphous calcium phosphate. Finally, the formed amorphous calcium phosphate is converted into low-crystalline apatite, since hydroxyapatite is thermodynamically stable phase among calcium phosphate in neutral conditions. We can summarize that selective adsorption of Ca2+ in SBF onto negatively charged surfaces of materials is key issue for inducing the apatite formation. of bioactive organic-inorganic hybrid is schematically illustrated in Fig. 3 . In order to develop such organic-inorganic hybrids, limited heat treatment at lower temperature is allowed during the synthesis, since organic polymers are liable to be easily decomposed by the treatment. Sol-gel processing which utilizes hydrolysis and polycondensation of metal alkoxides is one of the available methods to prepare organic-inorganic hybrid. It has been already reported that organically modified silicates can be synthesized from tetraethoxysilane Synthesis of bioactive organic-inorganic hybrids has been also reported using vinyltrimethoxysilane (VS; H2C=CHSi(OCH3)3) and methacyloxypropyl trimethoxysilane (MPS; H2C=CCH3COO(CH2)3Si(OCH3)3) as starting materials. 25,26 Vinyl and methacryloyl groups in the starting organic substances were first radically polymerized to form organic polymers. Then the polymers were mixed with calcium salts to incorporate calcium ion and be subjected hydrolysis with water to form Si-OH group. The synthesized organic-inorganic hybrids formed apatite layer on their surfaces in SBF. Design of bone-bonding organic-Inorganic hybrids Figure 4 shows appearance of the samples with various MPS:HEMA ratios after drying for 2 w. Homogeneous and transparent gel was obtained at the compositions of MPS:HEMA=0.1:0.9. Higher concentration of MPS gave many cracks in the gel specimens during drying process so that suitable specimen was not obtained when the molar ratio of MPS is more than 0.1. Sample containing no MPS (MPS:HEMA=0.0:1.0) remarkably dissolved in SBF, so that the specimen was too soft to be analyzed. Figure 5 shows X-ray diffraction patterns of the sample of MPS:HEMA=0.1:0.9 before and after soaked in SBF for various periods. Diffraction pattern for the specimen before soaked in SBF is denoted as "0 d" . Peaks assigned to hydroxyapatite with low HEMA with a combination of CaCl2 forms apatite layer on its surface within 7 d when it is exposed to SBF. This means that the obtained materials have ability to form apatite layer on its surface when implanted in the body, and make direct bond to living bone. The apatite layer can be formed by surface reaction of the hybrid with surrounding solution. Namely, polymerized HEMA shows hydrophilic property that makes the hybrid release Ca2+ ion easily into surround body fluid, when the hybrids are implanted in the body. The released Ca2+ ion increases degree of supersaturation with respect to the apatite in the body fluid. Si-OH groups provided from MPS may give heterogeneous nucleation site on the hybrid. Once the apatite nuclei would form, apatite crystal can grow on the surface of the hybrid to cover it, due to crystal growth and secondary nucleation of the apatite, as the same mechanism of apatite formation on bioactive ceramics. There is another role of MPS in the hybrid on crosslinking to produce gel structure. After the polymerization of MPS and HEMA solution, copolymer consisting of MPS and HEMA is produced. The alkoxysilane groups in the copolymer were hydrolyzed by water from atmosphere to form silanol groups, during drying process of the solution. 29 The silanol groups then condensed to form siloxane (-Si-O-Si-) bond, that makes crosslinkage among MPS-HEMA copolymer. The crosslinkage leads to formation of the gel that can be stable in body environment. Higher concentration of alkoxysilane leads to a large amounts of siloxane bonds to form a structure similar to brittle silica gel. Formation of such structure may relate to difficulty in synthesis of the MPS-HEMA hybrid which have higher contents of MPS more than 0.1 molar ratio.
Addition of plasticizer is known to be effective for avoiding embrittlement of the hybrids. We investigated effect of addition of glycerol as a plasticizer on the apatite-forming ability of MPS-HEMA hybrids. Figure 7 shows SEM photographs of the surfaces of MPS-HEMA hybrids added with glycerol up to 10 mol% to the total of MPS and HEMA (MPS:HEMA:CaCl2=0. 1 :0.9:0.1), after soaking in SBF for 7 d. It was found that addition of glycerol up to 10 mol% to the total of MPS and HEMA did not decrease the apatite-forming ability. This means that addition of glycerol is useful for maintaining flexibility of MPS-HEMA hybrids.
Various natural and synthetic polymers are available for synthesis of the hybrids. Recent researches have been reported preparation of bioactive organic-inorganic hybrids from chitin 30, chitosan 31, alginate 32, starch 33 and E-polycaprolactone 34 by modification with Si-OH and ca2+. For instance, we synthesized organic-inorganic hybrids from chitin by modification with glycidoxypropyltrimethoxysilane (GPS; CH,(O)CHCH2O(CH2)3Si(OCH3)3) and CaCl2. Appearance of the hybrid is shown in Fig. 8 . The obtained hybrid also has so high flexibility as to be easily bended by hand. It forms the apatite in SBF within 7 d, as shown in Fig. 9 . These results give informations for designing bioactive organic-inorganic hybrids with different mechanical and biological properties. Combination of various organic polymers enables to control resorbability of the hybrids. This is quite important factor to design scaffolds in tissue engineering, since they should be resorbed at a moderate speed in the body according to tissue regeneration.
BONE-BONDING ORGANIC-INORGANIC HYBRIDS BASED ON VARIOUS METAL HYDROXIDES
It is known that not only Si-OH group but also various functional groups such as Ti-OH 17, Zr-OH 35, Ta-OH 36, Nb-OH 37, Mo-OH 38 and so on are effective for triggering heterogeneous nucleation of the apatite. These findings bring us an idea that various bioactive organic-inorganic hybrids can be designed by organic modification of the metal hydroxides described above.
Uchida et al. reported that titania (TiO2) having anatase structure exhibits higher ability of the apatite formation in SBF, in comparison with those having rutile and amorphous structures 39. On the basis of these findings, Kamitakahara et al. synthesized bioactive anatase-poly(tetramethylene oxide) (PTMO) hybrids 40. Anatase crystals about 10 nm in size precipitate after hot water treatment of the organic-inorganic hybrids obtained from PTMO and titanium tetraisopropoxide (Ti(OCH(CH3)2)4). The synthesized hybrids form the apatite in SBF within 3 d. It is noted that this type of hybrid forms the apatite, even if it does not contain Ca2+. This means that Ca-free bioactive organic-inorganic hybrids can be designed by appropriately controlling chemical state of the metal hydroxides.
According to similar molecular design, bioactive tantalum oxide (Ta2O5)-PTMO hybrids can be obtained 41.
CONCLUSION
Novel bioactive organic-inorganic hybrids with high flexibility and high machinability can be designed on the basis of chemical reaction of bioactive ceramics in body environment. This type of hybrids is expected to be useful for not only bone substitutes but also scaffolds in tissue engineering. 
